Abstract: Brachypodium distachyon has been proposed as a model plant for agriculturally important cereal crops such as wheat and barley. Seed coat colour change from brown-red to yellow was observed in a mutant line (142-3) of B. distachyon, which was induced by chronic gamma radiation. In addition, dwarf phenotypes were observed in each of the lines 142-3, 421-2, and 1376-1. In order to identify causal mutations for the seed coat colour change, the three mutant lines and the wild type were subjected to whole-genome re-sequencing.
libraries were assessed using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) and sequenced by 100 bp paired-end sequencing using the Illumina HiSeq 2500 platform. Base calling was performed with the Illumina pipeline using default settings. To produce high-quality reads, sequence reads were filtered using sickle (v1.33) by retaining the bases with a minimum Phred quality score of 30 for each sample. Using BWA ver. 0.7.12, the remaining reads were mapped to the Purple false brome genome assembly Brachypodium distachyon v3.1 (http://genome.jgi.doe.gov/pages/dynamicOrganismDownload.jsf?organism=Bdistachyon) (Vogel et al. 2010 ). Local realignment was performed using GATK ver. 2.3-9, and then duplicates were marked using Picard ver. 1.98 (http://picard.sourceforge.net) after mapping. Variant calling was performed using GATK ver. 2.3-9.
Variants with a GATK QUAL score of less than 30 and average read depth of less than 9 were excluded.
Heterologous variants were excluded. Subsequent annotation of variants was performed using SnpEff (v.4.1).
Identification of seed coat colour using Arabidopsis thaliana T-DNA knock-out mutants
Two At3g55120 [best hit (1.3E-07) with BdCHI1] knock-out lines and two At1g27680 [best hit (6.9E-41) with BdApL1 (large subunit of ADP-glucose pyrophosphorylase1)] knock-out lines (SALK_029682C and SALK_008527) were obtained from the Arabidopsis Information Resource (Alonso et al. 2003; Rosso et al. 2003) . The Col-0 ecotype was used as the wild type. Gene-specific primers (S1-6, G1, and G2) and T-DNA-specific primers (LB and RB) were used for the identification of putative mutant lines. In order to detect Atchi allele, S1 (5´-GAGAGCATTCATGGTGGGGT) and S2 (5´-CTCGGACACCTGCGTAAGTT) were used for SALK_034145 and G1 (5´-TCCCCTACCGGCTCTCTTAC) and G2 (5´-ACATGTCAGCCCAGTCCAAC) were used for GK-176H03. In order to detect Atapl2 allele, S3 (5´-AATCCATCAACTGCCACCGA) and S4 (5´-GGTTCCCCAGAACGCACTAA) were used for SALK_029682C and S5 (5´-GCAGTGTGCAGCACTCAATC) and S6 (5´-CAGGACTGTTGGCCTTGGAT) 
Candidate genes associated with seed coat colour change
For detecting DNA polymorphisms related to the yellow seed coat colour of 142-3, we selected highrisk DNA polymorphisms that were considered to potentially affect gene function, such as missense mutations, nonsense mutations, splicing donor site changes, splicing acceptor site changes, and frameshift mutations. A total of 13 high-risk DNA polymorphisms (1 deletion and 12 SNPs) in 12 different genes were detected in 142-3 (Table 4) . Twelve of the 13 high-risk DNA polymorphisms in 142-3 were used for validation. In the present study, stringent criteria for removing false-positive detection were applied. In particular, DNA polymorphisms with an average read depth ≥9 were selected. Target-specific primers were designed using Primer3 (Table S1 1 ).
PCR products were sequenced using the Sanger technique. Of the 12 high-risk DNA polymorphisms, 11
(91.67%) were validated.
DNA polymorphisms that were identified in both 142-3 and 421-2, and/or 1376-1 are marked in Table D r a f t we assumed that 142-3-specific DNA polymorphisms are responsible for this phenotype. The marked DNA polymorphisms might be involved in the dwarf phenotype since all three mutants (142-3, 421-2, and 1376-1) had reduced plant heights (Fig. 1B) , or could be natural variations that were not excluded. Three of the 13 highrisk DNA polymorphisms (1 deletion and 2 SNPs) were only detected in 142-3. A frameshift mutation caused by a 14 base deletion was identified in Bradi1g03840 (BdCHI1); one missense mutation was identified in Bradi1g53500 (BdApL1); and the other missense mutation was detected in an unidentified protein.
A. thaliana lines carrying T-DNA insertions in the AtCHI or AtApL2 genes were used for identification of seed coat colour (Fig. 2) . PCR analysis was performed with gene-specific primers (S1-6, G1, and G2) and T-DNA-specific primers (LB and RB). Atchi mutant alleles were detected from SALK_034145 and GK-176H03
and Atapl2 mutant alleles were detected from SALK_029682C and SALK_008527. On the basis of PCR analysis, homozygous lines were detected, with the exception of the SALK_034145 line. In the SALK_034145
line, the PCR products were amplified with gene-specific primers but no PCR products were amplified with T-DNA-specific primers. It is seemed that the left border might be deleted from the genome in the SALK_034145
line. Yellow seeds were observed in the Atchi mutant lines but brown seeds were observed in the Atapl2 mutant lines and the WT.
Anthocyanin contents
The seeds of 142-3 and the WT were used for anthocyanin quantification ( 
Discussion

Whole-genome re-sequencing
In order to analyze genome-wide DNA polymorphisms, massive and high-quality sequence data were D r a f t produced through NGS technology. More than 100 million reads were produced by whole-genome resequencing of each mutant and the WT using the Illumina Hiseq 2500 platform. High-quality reads were used for mapping. The mean depths of coverage were greater than 30× in each mutant and the WT (Table 1) .
Numerous researchers have reported genome-wide DNA polymorphisms using data with a mean depth of coverage of approximately 30×. Fu et al. (2016) reported that genome-wide DNA polymorphisms were discovered by whole-genome re-sequencing in rice varieties using data with mean depths of coverage of 27.83×
and 28.72× produced by the Illumina Hiseq 2000 platform. Similarly, Jain et al. (2014) reported that DNA polymorphisms were identified in genes associated with drought and salinity stress in rice cultivars using data with mean depths of coverage from 25× to 27× produced by the Illumina Hiseq 2000 platform.
In order to minimize possible false-positive detection, in the present study, DNA polymorphisms were filtered using stringent criteria. We selected only DNA polymorphisms with a GATK QUAL score >30 and an average read depth ≥9. In addition, heterozygous DNA polymorphisms were removed. The validation rate of the high-risk DNA polymorphisms in 142-3 was 91.67%. Prior to selecting DNA polymorphisms with an average read depth ≥9, DNA polymorphisms with an average read depth ≥8 had been selected. Initially, 18 high-risk DNA polymorphisms in 142-3 had been used for validation and the validation rate had been 72.22% (13 out of 18) (data not shown). By raising the cut-off value of the average read depth, we obtained a reasonably high validation rate, and the total numbers of DNA polymorphisms in 142-3, 421-2, and 1376-1 were reduced from 1217, 1371, and 1292 to 906, 1057, and 978, respectively (data not shown). Numerous measures for removing false-positives have been applied by other researchers. Fu et al. (2016) reported that DNA polymorphisms with coverage ≥10 and ≤100 were selected and heterozygous DNA polymorphisms were removed for detecting DNA polymorphisms in the hybrid weakness genes of rice variety RGD-7S. Similarly, Lestari et al. (2014) reported that DNA polymorphisms with mapped reads of depth 5-100 and DNA polymorphisms with a quality score greater than 100 using the SAMTools program were selected for detecting DNA polymorphisms.
DNA polymorphism frequency and distribution in mutants induced by gamma radiation
B. distachyon mutant-specific DNA polymorphisms caused by gamma radiation were identified.
Natural variations were removed using DNA polymorphisms in the WT by comparing with the reference D r a f t sequence. The number of DNA polymorphisms in mutant lines ranged from 906 to 1057 (Table 2 ). The frequency of DNA polymorphisms in mutant genomes ranged from 3.34 to 3.90 per Mb. Hwang et al. (2014) reported genome-wide DNA polymorphisms in an early-maturing rice mutant (EMT1) induced by gamma radiation and the WT, where a total of 136821 SNPs and 22599 InDels were identified as EMT1-specific DNA polymorphisms. The frequency of DNA polymorphisms observed in the present study was relatively lower than that in EMT1. This lower frequency of DNA polymorphisms might be attributable to numerous factors, including different plant species, different dose of gamma radiation treatment, use of different programs for variant calling, and the application of highly stringent selection criteria. In addition, DNA polymorphisms generated by gamma radiation have been identified using Targeting Induced Local Lesions IN Genome analysis (TILLING). Using TILLING in the rice cultivar Dongan, Chun et al. (2012) reported a DNA polymorphism frequency of 4.90 per Mb in OASA1 from 1350 mutants derived from callus exposed to gamma radiation, which is similar to our result for DNA polymorphisms induced by gamma radiation.
Among the B. distachyon mutants induced by gamma radiation, approximately 1% (from 1.11% to 1.41%) of the DNA polymorphisms were detected in exon regions (Table 3 ). The DNA polymorphisms were mainly detected in the intergenic, upstream, and downstream regions in all three mutants. Hwang et al. (2014) reported that SNPs mainly occurred in the upstream (54.66%) and intron (18.74%) regions in EMT1. This identification of a high proportion of DNA polymorphisms in non-genic regions, as affected by gamma irradiation, is similar to our results.
Seed coat colour change
Whole-genome sequencing has been applied to the discovery of causal genes responsible for a number of phenotypes of interest (Uchida et al. 2011) . In rice, the two causal SNPs of a pale green leaf mutant were identified using the MutMap method. This method utilizes whole-genome re-sequencing data of pooled DNA from a segregating population of plants that exhibit a certain trait (Abe et al. 2012) . In maize, a total of 271 candidate SNPs for drought tolerance were identified by comparative whole-genome re-sequencing data of 16 inbred lines, including three extremely drought-sensitive lines and three extremely drought-tolerant lines (Xu et al. 2014) . In the present study, candidate genes for seed coat colour change in mutant 142-3 were identified D r a f t through whole-genome re-sequencing. The candidate DNA polymorphisms were detected by comparison with the DNA polymorphisms identified in WT and another two mutants that showed a dwarf phenotype (Table 4) .
Numerous previous studies have reported that flavonoid (including anthocyanin) biosynthesis genes are associated with seed colouration. For example, transformation of the DFR gene into brown-coloured rice resulted in red-coloured rice (Furukawa et al. 2007) . Tamyb10, which is associated with red-coloured wheat, induces the expression of flavonoid-related genes (Himi et al. 2011) . Rc, which is associated with red-coloured rice, is known as a negative regulator of anthocyanin production (Sweeney et al. 2006 ). In the flavonoid biosynthetic pathway, naringenin chalcone produced by chalcone synthase is rapidly isomerized by CHI to form (Fig. 2) .
Whole-genome re-sequencing was performed to identify the causal DNA polymorphisms responsible for the yellow seed coat colour change in 142-3. Natural variations and DNA polymorphisms that are unrelated to seed colour were removed based on the whole-genome re-sequencing data of the WT and other mutants. Seed colour change was identified in A. thaliana lines carrying T-DNA insertions in the AtCHI. A frameshift mutation in BdCHI1 appears to be responsible for the yellow seed colouration. This work provides a valuable genomics resource for studying genomic mutation via gamma irradiation, and it can be applied to other grasses and cereals. PCR analysis of T-DNA knock-out mutant lines (M) and wild type (WT). Gene-specific primers (S1-6, G1, and G2) and T-DNA-specific primers (LB and RB) were used for homologous line detection. S1 and S2 for SALK_034145; G1 and G2 for GK-176H03; S3 and S4 for SALK_029682C; S5 and S6 for SALK_008527. In 
